Abstract: Two Fe-Mn crusts among 35 samples, from six seamounts in the Canary Island Seamount Province, were selected as representatives of the endpoint members of two distinct types of genetic processes, i.e., mixed diagenetic/hydrogenetic and purely hydrogenetic. High-resolution analyses pursued the main aim of distinguishing the critical elements and their association with mineral phases and genetic processes forming a long-lived Fe-Mn crust. The Fe-Mn crust collected on the Tropic Seamount is composed of dense laminations of Fe-vernadite (>90%) and goethite group minerals, reflecting the predominance of the hydrogenetic process during their formation. Based on high-resolution age calculation, this purely hydrogenetic crust yielded an age of 99 Ma. The Fe-Mn crust collected on the Paps Seamount shows a typical botryoidal surface yielding an age of 30 Ma. electron probe microanalyzer (EPMA) spot analyses show two main types of manganese oxides, indicating their origin: (i) hydrogenetic Fe-vernadite, the main Mn oxide, and (ii) laminations of interlayered buserite and asbolane. Additionally, the occurrence of calcite, authigenic carbonate fluor-apatite (CFA) and palygorskite suggests early diagenesis and pervasive phosphatization events. Sequential leaching analysis indicated that Co, Ni, Cu, Ba and Ce are linked to Mn minerals. Therefore, Mn-oxides are enriched in Ni and Cu by diagenetic processes or in Co and Ce by hydrogenetic processes. On the other hand, Fe-oxides concentrate V, Zn, As and Pb. Moreover, the evidence of HREE enrichment related to Fe-hydroxides is confirmed in the mixed hydrogenetic/diagenetic crust.
Introduction
Ferromanganese crusts (hereafter Fe-Mn crusts) grow on seamounts and plateaus worldwide, where currents are strong enough to keep the rock substrate clear of sediments. "Cobalt crusts" are defined as hydroxide/oxide deposits of cobalt-rich iron/manganese concretions formed by direct precipitation of minerals from seawater onto hard substrates [1] . The interest in these deposits began in the early 1980s when they were considered for the first time as a potential Mn, Co, Ni and Cu source [2] [3] [4] [5] . The attention on this deposit rose when recent investigations highlighted that Fe-Mn crusts are also enriched in several critical metals and rare earth elements plus yttrium (REYs) [6] [7] [8] [9] [10] [11] [12] [13] [14] . 
Samples
The samples analysed in this work were selected from a collection of 35 Fe-Mn crusts collected from six CISP seamounts. The Fe-Mn crusts were collected in 2011 using a rectangular rock dredge (2 m × 0.8 m) on board the R/V Miguel Oliver during DRAGO0511 cruise. Samples and swath bathymetric data are part of the new extensive data set acquired for the Law of the Sea extended continental shelf (ECS) purposes. Sampling targets were selected after a previous seabed mapping using the Konsberg-Simrad EM-302 multibeam echosounder [59] . 3D images of the seamounts were taken using Fledermaus™ software (Quality Positioning Services BV (QPS), Zeist, The Netherlands).
Two samples were selected from The Paps (DR07-8) and Tropic (DR16-13) Seamounts, respectively (Figure 1B,C) on the basis of previous studies of the Fe-Mn crusts [27] , which highlighted important geochemistry differences, i.e., Mn contents (15 and 21.7 wt %, respectively), Fe (14.6 and 27.3 wt %), and especially in Co (3500 and 7000 µg/g), Ni (6000 and 3000 µg/g), Cu (1600 and 400 µg/g) and Ce (700 and 2100 µg/g) [27] . These differences indicate that both samples could represent endpoint members between mixed diagenetic and purely hydrogenetic Fe-Mn crusts.
The Paps Seamount displays in the swath bathymetry and 3D images ( Figure 1B ) a N-S ridge-like morphology with a narrow arm extending in a NW-SE direction. This seamount rises from 4400 m depth to 3000 m at the northern summit and extends over an area of 2150 km 2 . Fe-Mn crusts were dredged on the northern flank (dredge samples DR07, DR09, DR10 and DR11) and on the southern arm (DR14) ( Figure 1B ). The sample selected for this study belongs to the DR07 dredge, collected in the northern sector of the seamount at 1860 m depth ( Figure 1B ). Calculated 40 Ar/ 39 Ar age in several feldspar micro-phenocrysts of the Paps Seamount gave a mean age of 91 Ma [39] . The base of the Tropic Seamount, found at 4300 m depth, occupies an area of 1530 km 2 ( Figure 1C ). This seamount of 3300 m in height shows typical guyot morphology with a "mesa"-type flat summit surrounded by steep flanks. In plain view, it shows a four-arm star caused by the action of landslide scars [59] . Two dredges were collected on this seamount: dredge DR15 on the southern arm at 2200 m depth and, dredge DR16 on the eastern arm at 1700 m depth. The sample selected for this study belongs to dredge DR16 ( Figure 1C ). The mean age of this seamount has been estimated as 119 Ma at the top of the seamount and around 80 Ma on the northern arm [39] .
Laboratory Methods
Petrographic, mineralogical and geochemical methods were performed at the Central Laboratories of the Geological Survey of Spain (IGME), the Department of Crystallography and Mineralogy, Faculty of Geosciences (UCM) and the National Centre of Electronic Microscopy (CNME). Mineralogical identifications were performed by X-ray powder diffraction (XRD, Philips Analytical, Almelo, The Netherlands) based on 12 sub-samples. The equipment used included a PANalytical X'Pert PRO diffractometer, CuKα radiation, carbon monochromator and automatic slit (PTRX-004). The analytical conditions for the XRD were as follows: CuKα radiation at 40 kV and 30 mA, a curved graphite secondary monochromator, scans from 2-70 • (2θ), step size of 0.0170 • (2θ) and step time 0.5 • /min. An analysis was conducted on a bulk sample at room temperature and also dried at 40, 100 and 300 • C. The cation exchange experiment (CEE) was used to verify the presence of phyllomanganates in crusts with interlayer regions accessible for cation exchange of K + and Mg 2+ ions as described by [60] and subsequently used by [17] .
Scanning electron Microscope (SEM) images and analysis were obtained with a JEOL JSM 6335F (JEOL, Tokyo, Japan) with a cold (cathode) field-emission electron gun performed on up to 8 fragments of crusts. The SEM max resolution was 1.5 nm with 15 kV voltage at 4 mm distance. The backscattered electron detector worked with 2 nm resolution at 8 mm distance. The energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments, Abingdon, UK) qualitative analysis was conducted with an Oxford Instruments, model: X-Max 80 mm 2 with a resolution of 127 eV to 5.9 keV and performed with INCA software (ETAS GmbH, Stuttgart, Germany). This study was based mostly on the 58 SEM photomicrographs that were taken from these samples.
The high-resolution transmission electron microscope (HR-TEM) used was a JEOL JEM 3000F (JEOL, Tokyo, Japan) with a Schottky-type field emission electron gun at an accelerating voltage of 300 kV, 0.17 nm resolution. A micro-analysis system was implemented by an XEDS detector (OXFORD INCA) and an ENFINE spectrometer (resolution in energy of 1.3 eV). The study was carried out in 10 powdered sub-samples.
An electron probe micro-analyser (EPMA) was applied on polished thin sections using a Jeol JXA-8900M Electron Probe WDS/EDS Micro Analyser (JEOL, Tokyo, Japan), operating at 15-20 kV and 50 mA, operating at 15 EDS, equipped with four wavelength dispersion spectrometers in which these crystals were placed, as follows: channel 1: TAP; channel 2: LIF; channel 3: PETJ; channel 4: PETH. Standards included pure metals, synthetic and natural minerals, all from international suppliers. Back-scattered electron images were also obtained with this instrument. Profiles across crust samples were obtained to check the presence of compositional zoning and layer-by-layer growth rate and age determinations. Chemical EPMA determinations were carried out in 100 spot analyses in mineral phases, 183 and 292 layer-by-layer analysis in crusts DR07-8 and DR16-13, respectively. One hundred photomicrographs of mineralogical and textural features were taken with this instrument.
The major elements for both bulk Fe-Mn crusts were determined using X-ray Fluorescence (XRF, Philips Analytical, Almelo, The Netherlands), PANalytical's Magix equipment with a rhodium tube and Major software (PTE-RX-001 Ed. 3) and Irons protocol. The accuracy of the data was verified using international standard NOD-A-1, and precision based on duplicate samples was found to be better than ±5%. Analytical conditions were 50 kV voltage and 50 mA. Na was measured using a VARIAN FS-220 atomic absorption spectrometer and loss on ignition (LOI) was determined by calcination at 950 • C. ICP-AES (Varian Vista-MPX, Varian Inc., Palo Alto, CA, USA) was used to measure Nb, S and W in bulk samples. Samples were prepared with acid HF HNO 3 and HClO 4 digestion until completely dried and residual was diluted with ClH 10%. Other trace Elements Be, V, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, U and REEs plus Y were measured with ICP-MS (AGILENT 7500 CE, Agilent Technologies, Santa Clara, CA, USA) with 3-acid and 4-acid digestion. The patterns obtained were compared with certified international standards (NOD-A-1, USGS, NBS, CANMET, BCS). The standard reference materials SO-1 (CCMET), GSP-1 (USGS) and BCR-1 (USGS) were used to test the analytical procedure for REY determinations.
Sequential leaching was adapted from [61] , and according to [44] method for Fe-Mn crusts, essentially used for different acid digestions. Acetic acid at 10% concentration was used to extract carbonates, 1 M hydroxylamine hydrochloride was used to extract Mn oxides, concentrated HCl was used to extract Fe oxyhydroxides and finally concentrated HF was used to digest residual silicates. Every solution was analysed by ICP-AES for Al, Ca, Fe, K, Mg, Mn, Na, Nb, P, S and W; and by ICP-MS for Be, V, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th, U and REY.
Crust growth rates and ages were calculated by the empirical Co-chronometer method established by [62] which closely match isotopic determinations. The growth rate is (mm/My) = 0.68/Co n 1.67 , where Co n is (Co wt % × 50)/(Fe + Mn wt %). One limitation of this Co-chronometer method is that the equation does not measure possible hiatuses during the accretion process. Therefore, the calculated rates represent maximum values and the derived ages minimum values; if dissolution and re-precipitation take place can accumulate higher growth rates relative to diagenesis [63] . Multi-elemental spot analyses of Fe, Mn, and Co were carried out across two continuous profiles from the base to the edge of the crusts using electron probe microanalyzer (EPMA, JEOL, Tokyo, Japan) with a JEOL JXA-8900M Superprobe. Analysis is based on the study of 183 and 292 layer-by-layer analysis for the EPMA profiles of ferromanganese crusts DR07-8 and DR16-13, respectively. The varimax rotated factor matrix was used to calculate different factors found in the study samples for Mn, Fe, Si, Al, K, Ca, Na, Mg, P, Co, Ni, Cu, Ce, Mo, V, Ba and W. DR07-8 factor was obtained with 183 layer-by-layer EPMA analyses while DR16-13 factor was obtained with 292 layer-by-layer analyses. More factors have been obtained by Varimax in both crusts but all of them have counts down to 5% and considered not representative by the statistical program. These non-representative factors have not been included in the factor list.
Results

Physical Properties, Textural Features and Mineralogy
Layering and Growth Patterns
Three main types of textures can be identified within the Fe-Mn crusts: (1) dense parallel laminations; (2) mottled to dendritic texture; and (3) columnar texture (Figures 2 and 3) . Otherwise, light coloured thin laminations intercalated between these textures correspond to siliciclastic and carbonate detrital accumulation (coccolith, bioclasts) or authigenic phosphate minerals.
The Fe-Mn crust DR07-8 has a maximum thickness of 8 cm, showing a typical botryoidal surface with botryoids reaching diameters of 1-2 cm. This crust shows typical black colour with some dark brown layers, sub-parallel to the botryoidal surface (Figure 2A,B) . Carbonate substrate rock of crust DR07-8 consists of semi-consolidated limestone with abundant foraminifera and scattered small clasts of volcanic rocks. The layered structure is composed of four main layers with an average thickness of ≈ 10 mm each ( Figure 3A,B) . The base of the crust (Layer 4) consists of thin dense laminations overlying the substrate. The other three layers consist of a porous mottled to dendritic base with dense sub-layers at the top, less than 0.5 mm in thickness.
The Fe-Mn crust DR16-13 has a mean thickness of 9 cm without botryoids on its surface. It is composed of dark brown to black layers with a smooth metallic to submetallic lustre surface, and red coloured areas caused by alteration ( Figure 2C,D) . The altered basalt breccia that composed the substrate of this crust is replaced by pervasive phosphatization. This crust shows a clear layering structure caused by parallel dense lamination. It has also been possible to differentiate four layers. The lowermost layers 3 and 4 are thicker (up to 2 cm) than the uppermost 1 and 2 ( Figure 3C,D) . Lamination is essentially composed of parallel and columnar growth patterns. In this sample, it is also possible to determine a rhythmic behaviour with alternation of porous mottled to dendritic areas at the base and a dense lamination in the uppermost part of the first three layers. Layer 4 is essentially formed by a thicker succession of dense parallel laminations. Under the petrographic microscope, these layers are composed of several types of Fe-Mn oxy-hydroxide growth patterns (Figure 4 ). These oxy-hydroxides are observed as isotropic, low reflectivity and low to no pleochroic micro-crystalline mosaics (Figure 4 ). Crust DR07-8 is composed of three main types of oxy-hydroxides growth patterns and re-placement textures related to three different processes ( Figure 4A ): (a) Dense sub-parallel to columnar growths of oxy-hydroxides as can be seen in the uppermost part; (b) Pervasive phosphate replacements and oxy-hydroxide re-nucleation in the middle; and (c) Several bright (diagenetic) laminations, especially abundant in the lower part of the layers. In contrast, crust DR16-13 shows only oxy-hydroxide growth patterns, i.e., columnar, dense sub-parallel and mottled to dendritic with no evidence of phosphatization or diagenesis ( Figure 4B ). 
Mineralogy
XRD mineralogical analyses are summarised in Table 1 . Analysis of bulk samples shows that major minerals are essentially Fe-Mn oxy-hydroxides: Fe-vernadite, 7 and 10 Å manganates and goethite group minerals ( Figure 5 ). Accessory minerals are quartz, feldspar, calcite and less frequently, carbonate fluor-apatite (CFA) ( Figure 5 ). The Fe oxyhydroxides represented in both crusts are essentially the same, i.e., goethite and feroxyhyte with their maximum reflection at 4.18 and 2.54 Å, respectively ( Figure 5A,B) . Otherwise, Mn-minerals are different in both crusts. In DR07-8, buserite/asbolane at 9.8 Å intergrowths with Fe-vernadite at 2.45 Å is identified. In DR16-13, only Fe-vernadite overlapping with other Mn minerals, such as birnessite, is identifiable.
The XR D patterns of the DR07-8 crusts show characteristic reflections mainly corresponding to the occurrence of diverse Mn-oxides minerals ( Figure 5A ). Thus, the reflection identified around 9.8 Å (001 reflection) is attributed to todorokite, even though it could also correspond to disordered The Fe oxyhydroxides represented in both crusts are essentially the same, i.e., goethite and feroxyhyte with their maximum reflection at 4.18 and 2.54 Å, respectively ( Figure 5A,B) . Otherwise, Mn-minerals are different in both crusts. In DR07-8, buserite/asbolane at 9.8 Å intergrowths with Fe-vernadite at 2.45 Å is identified. In DR16-13, only Fe-vernadite overlapping with other Mn minerals, such as birnessite, is identifiable.
The XRD patterns of the DR07-8 crusts show characteristic reflections mainly corresponding to the occurrence of diverse Mn-oxides minerals ( Figure 5A ). Thus, the reflection identified around 9.8 Å (001 reflection) is attributed to todorokite, even though it could also correspond to disordered Fe-vernadite or buserite ( Figure 5A ). In this sense, reflection at~4.8 Å is identified as (002) reflection of the same mineral [17, 18] . Furthermore, Fe-vernadite is also detected around 2.45 and 1.42 Å, overlapping with other oxy-hydroxides such as asbolan, birnessite and goethite, and with secondary reflections of quartz. Goethite group minerals are the second in abundance in this crust. Their reflections are identified around 4.18 and 2.54 Å ( Figure 5A ). Minor amounts of detrital minerals are represented by quartz and feldspar (probably albite and orthoclase). Crystalline minerals such as calcite, carbonate fluor-apatite (CFA) and authigenic palygorskite are also recognised in this sample.
Sample DR16-13 shows a much more simple XRD pattern, where the Fe-vernadite is clearly the main Mn-mineral at 2.45 and 1.42 Å, but also in the broad reflection at 4.9 Å overlapping with goethite ( Figure 5B ). In this sense, goethite group minerals, essentially goethite and feroxyhyte, are also the unique minerals clearly recognizable in the XRD analysis. This crust does not yield detrital minerals such as quartz or feldspar ( Figure 5B ).
Thermic Treatment and CEE Experiments: Changes in Mineralogy
Changes in mineralogy were detected as samples were dried at different temperatures. XRD patterns ( Figure 5A ,B) show minerals after drying the sample at room temperature, 40, 100 and 300 • C. At 40 and 100 • C, both XRD patterns do not show any drastic changes. However, after drying at 300 • C, they change abruptly. Firstly, the~10 Å and~5 Å reflections, corresponding to phyllomanganates, and the 2.45 Å reflection of Fe-vernadite start to collapse. Secondly, the highest reflection at 4.2 Å also starts to collapse, being replaced by a reflection typical of hematite ( Figure 5A ). The same behaviour for thermic treatment of goethite has been found by several authors [64] [65] [66] .
CEE experiments were used to identify whether the phyllomanganates of the studied crusts allow the incorporation of cations in their interlayer region. In this sense, samples treated with KCl would incorporate K + cations showing a shift of the main peak from 10 to 7 Å. Otherwise, the treatment with MgCl 2 would incorporate bigger cations (Mg 2+ ) with a shift of the peak position back to 10 Å. The peak position of 10 Å phyllomanganate in sample DR07-8 does not experience changes neither with the addition of KCl nor with the subsequent treatment with MgCl 2 . At the same time, it has not been possible to identify shifting or newer reflections caused by this experiment in sample DR16-13 ( Figure 5C,D) . This experiment proves that turbostratic vernadite, a phyllomanganate with cation exchange power, is not present in the analysed crusts.
Scanning Electron Microscopy (SEM) and High-Resolution Transmission Electron Microscopy (HR-TEM) Analysis
SEM analyses of the crusts show very low crystallinity of Fe-Mn oxy-hydroxides, displaying only micro-aggregates morphologies ( Figure 6 ). Thus, Fe-Mn oxy-hydroxides are observed forming micro-botryoidal surfaces which cover the previously formed minerals, cavity walls or detrital minerals and bioclasts ( Figure 6A ). The Fe-Mn oxy-hydroxides forming botryoids show radial and globular aggregates integrated by acicular micro-crystals of nanometre dimensions with "clay-like" morphologies ( Figure 6B,C) . Sample DR07-8 contains more detrital grains, represented by aluminium silicates (quartz and feldspar essentially), and bioclasts composed of fragmented coccoliths and foraminifera, included in the oxide laminations ( Figure 6C,E) . In contrast, sample DR 16-13 shows less detrital input but a higher rate of well-preserved coccoliths. Some rounded detrital quartz is also identified, sometimes covered by a Fe-Mn patina of very small acicular crystals ( Figure 6B,D) . Otherwise, tubular, fusiform, rod-shaped and chain-like forms indicate the occurrence of microbes at the interspace voids of Fe-Mn oxy-hydroxide aggregates ( Figure 6E ). Acicular Fe-Mn oxide crystals also cover the walls of vacuoles or foraminifera ( Figure 6F ). HR-TEM analyses of the Fe-Mn crusts show the occurrence of very few mineral species with recognizable crystallographic planes, confirming the low crystallinity of Fe-Mn oxy-hydroxides ( Figure 7 ). In this way, a great number of globular mineral aggregates with very low crystallinity are imaged, but only few crystal planes are well developed ( Figure 7A ,E).
In crust DR07-8, several 9-10 Å phyllomanganates displaying high contents of Mn (up to 50 wt % for semi-quantitative analysis), Mg (14 wt %) and Ni (2.6 wt %) but low Fe (around 10 wt %) are identified ( Figure 7B ). In this way, Fe-vernadite (~7-8 Å cell space) is identified by its low crystallinity bearing high content values of Mn (50 wt %), Fe (~20 wt %) and Co (1 wt %), but low Mg (8 wt %) ( Figure 7C ). The occurrence of goethite is also evidenced by its~4.5 Å cell space ( Figure 7B ), by displaying regular planes, and by its high content in Fe (up to 80 wt %) but low contents of Mn (1-2 wt %). A phyllosilicate, probably palygorskite ( Figure 7D ), is also recognised based on its 10-11 Å cell space with very high contents of Si (up to 60 wt %) and Al (up to 15 wt %), but very low contents of Fe (19 wt %) and Mn (4 wt %). In the sample DR16-13, the unique Mn-mineral identified corresponds to a very low crystalline Fe-vernadite displaying a 7 Å cell spacing ( Figure 7F ). This vernadite shows the same contents of Mn (up to 50 wt %), higher in Fe (up to 30 wt %), Co (up to 1.5 wt %), and lower in Mg (2.5 wt %) in comparison to Fe-vernadite identified in DR07-08 crust. Goethite was picked in most of the analysis points overlapping the Fe-vernadite. HR-TEM images of goethite show a~4.5 Å spacing with regular continuity, and similar elemental contents of goethite in crust DR07-8 ( Figure 7H ). Furthermore, some phyllosilicate crystals (palygorskite), showing similar elemental contents of Si (up to 58 wt %), Al (up to 20 wt %) and Mg (7 wt %) as those from sample DR07-8 but with slightly lower contents of Fe (14 wt %), and not bearing Mn (down to 0.5 wt %), are imaged with a spacing of~10 Å ( Figure 7G ).
Geochemistry
Bulk Chemistry
Bulk chemical composition of the Fe-Mn crusts is summarised in Table 2 . Crust DR16-13 with a Mn/Fe ratio of 0.78 is characterised by higher Fe and Mn contents (28 vs. 22 wt %, respectively) than crust DR07-8 (14.6 vs. 15 wt %, respectively), showing a Mn/Fe ratio of 1. Crust DR16-13 also shows relatively lower contents of detrital elements such as Si (1.7 vs. 8.6 wt %), Al (0.7 vs. 3.5 wt %) and Mg (1 vs. 2.7 wt %) regarding crust DR07-08. Both crusts are also moderately enriched in Ti (0.7 vs. 0.6 wt %), but crust DR16-13 is clearly depleted in Ca (2.5 vs. 5.8 wt %) and P (0.5 vs. 1.6 wt %) regarding crust DR07-08. This crust is enriched in Ca due to the presence of CFA and the nature of the carbonate substrate rock of this crust. As occurs with most of Fe-Mn crusts, silica filiation elements (Si, Al, K, Mg, Na and Ca) are depleted in terms of the mean crustal composition [67] (Figure 8 ). Both crusts, DR07-8 and DR16-13, show elevated contents of most of the trace elements defined as strategic and critical. The highest contents correspond to Co (3200 and 5500 µg/g, respectively), Ba (1000 and 2000 µg/g), Ni (4800 and 3200 µg/g), V (750 and 1100 µg/g), Cu (1250 and 700 µg/g), Mo (270 and 670 µg/g), Zn (600 and 790 µg/g) and Pb (1000 and 1600 µg/g). The total concentration of potential ore metals (Cu, Co, Ni, V, Zn and Mo) is quite similar, being 1.1 and 1.2 wt %, respectively. Furthermore, the contents of Co, Ni, Mo and Cu are between 100 and 1000 times enriched, regarding the standard contents of the continental crust [67] (Figure 8 ). At the same time, R EYs are also enriched within these ferromanganese crusts (Table 2) . Both crusts show similar REY patterns, i.e., enriched LREEs regarding HR EEs. However, some differences between these two crusts can be identified considering their element concentration. Thus, sample DR07-8 shows lower contents of LREEs, MREEs and especially in La (143 μg/g), Ce (940 μg/g) and Nd (126 μg/g) ( Figure 9A ). On the other hand, in sample DR16-13, these elements show remarkably higher values (up two times) in La (300 μg/g), Ce (2000 μg/g), and Nd (290 μg/g) ( Figure 9A At the same time, REYs are also enriched within these ferromanganese crusts (Table 2) . Both crusts show similar REY patterns, i.e., enriched LREEs regarding HREEs. However, some differences between these two crusts can be identified considering their element concentration. Thus, sample DR07-8 shows lower contents of LREEs, MREEs and especially in La (143 µg/g), Ce (940 µg/g) and Nd (126 µg/g) ( Figure 9A ). On the other hand, in sample DR16-13, these elements show remarkably higher values (up two times) in La (300 µg/g), Ce (2000 µg/g), and Nd (290 µg/g) ( Figure 9A ). However, contents in HREEs are quite similar in these two crusts, showing their highest contents of Dy (30 and 47 µg/g, respectively), Er (19 and 23 µg/g), and Yb (17 vs. 20 µg/g).
The normalizing REY contents of the Fe-Mn crust regarding PAAS (Post-Archean Australian Shale) are shown in Figure 9B . Both patterns show a prominent Ce-positive anomaly which is related to the hydrogenetic origin of the crusts. The enrichment in LREEs and MREEs of crust DR 16-13 is also clearly depicted in the normalised REY diagram ( Figure 9B ). At the same time, R EYs are also enriched within these ferromanganese crusts (Table 2) . Both crusts show similar REY patterns, i.e., enriched LREEs regarding HR EEs. However, some differences between these two crusts can be identified considering their element concentration. Thus, sample DR07-8 shows lower contents of LREEs, MREEs and especially in La (143 μg/g), Ce (940 μg/g) and Nd (126 μg/g) ( Figure 9A ). On the other hand, in sample DR16-13, these elements show remarkably higher values (up two times) in La (300 μg/g), Ce (2000 μg/g), and Nd (290 μg/g) ( Figure 9A ). However, contents in HR EEs are quite similar in these two crusts, showing their highest contents of Dy (30 and 47 μg/g, respectively), Er (19 and 23 μg/g), and Yb (17 vs. 20 μg/g).
The normalizing REY contents of the Fe-Mn crust regarding PAAS (Post-Archean Australian Shale) are shown in Figure 9B . Both patterns show a prominent Ce-positive anomaly which is related to the hydrogenetic origin of the crusts. The enrichment in LREEs and MREEs of crust DR 16-13 is also clearly depicted in the normalised REY diagram ( Figure 9B ). 
Chemistry of Mineral Phases after Leaching Experiments
Sequential leaching has been carried out in order to know which minerals mostly concentrate the different strategic and critical elements. The result of sequential leaching is shown in Table 2 . Both DR07-8 and DR16-13 crusts display very low concentrations in Ca and Mg (bound to carbonates), that are leached in the first step together with S. This carbonate solution does not have high concentration of any other element; only Ni and Cu show minor contents (<300 µg/g). The second leaching step represents all Mn minerals that are in samples; ICP AES results show Mn concentrations of 14 and 18 wt %, respectively. This solution has a greater concentration of Co (3000 and 5200 µg/g) and Ni (4200 and 2500 µg/g) for both crusts, but shows different behaviour in the other strategic elements. Cu and Zn show the opposite behaviour; they are enriched in the Mn oxide step of DR07-8, but are slightly less enriched in the same step of DR16-13. Ba (780 and 1580 µg/g) is also enriched in Mn solution together with V (410 and 610 µg/g) and Tl (82 and 106 µg/g). The third leaching step concentrates Fe-oxyhydroxides and has Fe contents of 12 and 18 wt %, respectively. This solution concentrates other strategic elements such as Mo (241 and 573 µg/g), Sb (23 and 59 µg/g) and Pb (990 and 1450 µg/g). The last solution collects residual silicates showing a high concentration, essentially of aluminium silicates Al, K, and residual Ca, Mg and Na.
REEs plus Y have also been analysed in leached solutions to know which of the four separated phases are concentrated ( Table 2 ). The results show that carbonates and residual solutions have very low content of REY with concentrations just at the detection limit. REY elements are concentrated in the manganese and iron oxides solutions but with some differences in their behaviour. The Mn solution of sample DR07-8 shows enrichment in LREEs (Σ 600 µg/g) compared to the Fe solution (Σ 460 µg/g). MREEs (Σ 22 and 33 µg/g) and HREEs plus Y (Σ 83 and 88 µg/g) have quite similar concentrations in both solutions or a slight enrichment in the iron one (Table 2) . Sample DR16-13 has different behaviour, not only in concentration, but also in the mineral phases distribution. The Mn solution preferably concentrates LREEs (Σ 1637 µg/g) twice as much as the Fe solution (Σ 757 µg/g). MREEs are more equally distributed (Σ 59 and 53 µg/g), while the big difference with sample DR07-8 is in the HREEs plus Y, in which the Mn solution (Σ 128 µg/g) is clearly enriched compared to the iron one (80 µg/g).
Electron Probe Micro Analysis (EPMA) and Distribution of Elements
EPMA studies carried out on polished thin sections evidence the differences in mineralogy and microstructures in the two Fe-Mn crusts ( Figure 10 and Supplementary Materials Table S1 ). The occurrence of low backscatter areas corresponding to more porous oxy-hydroxides with mottled to dendritic textures is observed in both samples ( Figure 10B,C,H) . Spot analysis performed along these low backscatter areas evidences their highest porosity with lower EPMA acquisition, regarding the high backscatter areas. Detrital minerals such as quartz, feldspar or calcite have been identified in low backscatter layers in both crusts. Fe-vernadite, Mn-feroxyhyte, goethite and buserite are identified as Fe-Mn oxyhydroxides (Supplementary Materials Table S2 ). A great number of foraminifera, showing different substitution degrees by Fe-Mn oxides, are identified in both samples ( Figure 10B-D,F) .
Crust DR07-8 is mainly composed of stacked lamina forming complex dendritic and columnar growths interrupted by erosive discontinuities or by high-backscatter micro-layers ( Figure 10A-D) . Colloidal minerals represented by Co-rich Fe-vernadite intergrown with goethite group minerals form the general matrix throughout the crust ( Figure 10A -D and Supplementary Materials Table S2 ). Multiple spot analyses conducted on several laminae show this mineral's textural features and composition (e.g., Figure 10 (B-4,C-7,D-9), Supplementary Materials Table S1 ). The matrix shows similar contents of Mn and Fe (average 20 and 22.6 wt %, respectively), and high contents of Co (0.7 wt %), Ce (0.25 wt %) and V (0.14 wt %). Otherwise, the intercalated bright layers (Figure 10(A-1,C-6) ) with thickness of 25-30 µ and more fibrous crystal-textures are composed of 10 Å Mn minerals displaying meaningful higher contents of Mn (average value of 36.7 wt %), Ni (1.2 wt %), Cu (1 wt %) and lower contents of Fe (4.2 wt %), Co (0.33 wt %), and Ce (0.05 wt %) regarding the rest of the growing laminae.
Furthermore, a set of bright laminae growing near erosive discontinuities is formed by goethite and todorokite or buserite caused by the enrichment of Fe or Mn by local re-precipitation ( Figure 10(B-3) ). Crust DR16-13 shows a more regular growth, consisting of stacked laminae building up large and continuous columns (columnar texture) ( Figure 10E-H) , that in some areas tend towards dense parallel lamination ( Figure 10G ). Multiple spot analysis carried out on the stacked laminae identified the next mineral types (Supplementary Materials Table S2 ): (1) Fe-vernadite with high Mn (23 wt %), Fe (20 wt %), Co (up to 1 wt %), Ce (up to 0.2 wt%) and Ni (up to 0.3 wt %); (2) Goethite, usually at the inflection point of the columns, shows the highest contents of Fe (up to 34 wt %) but the lowest in Mn (4 wt %); (3) Mixed Fe-Mn oxides such as Mn-feroxyhyte. Sometimes, the stacked lamina growth is interrupted by local erosion with subsequent growth (Figure 10G,H) . Enriched-foraminifera layers covered by Fe-Mn minerals are also identified on the upper part of columnar growths ( Figure 10E,F) .
Meaningful mineralogical and geochemical changes are identified along transects carried out from the base to the top of both crusts (Supplementary Materials Table S3 ). In both crusts, it is possible differentiate chemical changes mainly related to their internal structure. Thus, Layer 4 of crusts shows a dense lamination bounded to a lower growth rate and hydrogenesis. In crust DR07-8, Layer 4 shows higher values for the Mn/Fe ratio (up to 2) and contents of hydrogenetic elements (Mn + Co + Ni + Ce) up to 25 wt %. Similar contents are also found in the dense sub-layer on top of Layers 1, 2 and 3. Otherwise, dendritic to mottled areas show lower contents of these elements (average 20 wt %). On the other hand, dendritic areas are enriched in Fe + V + P (up to 30 wt %) and a consequent Mn/Fe ratio that reaches lower values of 0.5. Otherwise, the identified intercalated bright laminae show a very high Mn/Fe ratio (up to 40) typical of diagenetic growth. Early diagenesis and/or phosphatization in dendritic areas is also responsible for lower Co (down to 0.3 wt %) and Ce (down to 0.1 wt %) contents and relatively high Ni (average 0.5 wt % and locally up to 2 wt %). Crust DR16-13 also shows an increase in the Mn/Fe ratio in Layer 4 up to 1.2, and related Co, Ce and Ni toward the base of the crust (Mn + Co + Ce + Ni = up to 29 wt %). In this crust, it is also possible to differentiate another increase in the Mn/Fe ratio in the dense sub-layer of Layer 3 that reaches values of 1.6 but a lower percentage of related elements (27 wt %). Through crust DR 16-13, are recognizable several pulses of increase in Mn and related elements (Co, Ni and Ce) in Layers 1 and 2, coinciding with dense sub-layers identified in their uppermost part. In this crust, it is also possible to differentiate that dendritic to mottled areas show higher Fe + V + P contents up to 35 wt %.
Factor Analysis and Mineral Phases
In order to verify the control of the chemical composition between phases, we also conducted a Varimax Q-factor analysis on the results of the EPMA spot analysis. Q-factor returns several important differences between the studied crusts ( Table 3) . Crust DR07-8 shows five different factors controlling the element composition. Factor 1 controls Fe and several strategic elements such as Ce, Mo, V but also Ca and P. Factor 1 accounts for 29% of the total variance of this sample. It has negative loadings for Ni and Cu. This factor represents hydrogenetically precipitated Fe-oxyhydroxides. Factor 2 controls Mn, Co and Ni and also less Ce and Mo. It has negative loadings for Si, K and Fe. This factor accounts for 17% of the total variance and represents, in general, all the Mn-oxides essentially related to hydrogenesis. Factor 3 controls K, and of minor importance Ca, P, Ni, Mo, Na and Al. It has negative loadings for Fe, V and Ba. This factor likely represents diagenetic minerals (aluminosilicates, Mn-oxides). This factor accounts for 12.3% of the total variance. Factor 4 only accounts for 8.3% of the total variance and controls Si, Al, K and Mg. Factor 4 likely represents detrital input and substrate rock. Factor 5 is only present in crust DR07-8 and it only shows a significant loading for Na and Ba and negative loading for Co. This factor represents 6% of the total variance, representing halite.
In crust DR16-13, only four factors are clearly identifiable. Factor 1 controls the Mn bounded elements Co, Ni, Ce, Mo and also some Ca and Ba. It has negative loadings for Si, Al and K. Factor 2 is essentially related to Fe bounded elements that are V, P, but also part of the Ce and Ba. It has negative loadings for Al, K and Na. These two factors represent essentially Fe and Mn hydrogenetic precipitation and account for 29 and 21% of the total variance, respectively. Factor 3 controls Cu with Ca, Mg and P. It has negative loadings for Ce and Ba. This factor mostly represents the presence of CFA and bioclast input and accounts for 10% of the total variance. Finally, Factor 4 controls Si, K and Al due essentially to detrital input, accounting for 9.2% of the total variance.
Growth Rate and "Cobalt Chronometer" Age
Growth rates have been calculated using the "cobalt chronometer" [62] . The calculated growth rates, carried out on bulk samples of both crusts, yield similar growth rates of 1.9 and 1.8 mm/Ma for crust DR07-8 and DR16-13, respectively ( Figure 11 ). Based on these growth rates, the ages calculated for the initiation of Fe-Mn crust growth are 32 and 50 Ma, respectively. These ages are based on bulk values and consider the average thickness of the whole crust. However, these values do not consider variation in changes in accretion over time, and the occurrence of erosional or hiatus events. Growth rates have been calculated using the "cobalt chronometer" [62] . The calculated growth rates, carried out on bulk samples of both crusts, yield similar growth rates of 1.9 and 1.8 mm/Ma for crust DR07-8 and DR16-13, respectively (Figure 11 ). Based on these growth rates, the ages calculated for the initiation of Fe-Mn crust growth are 32 and 50 Ma, respectively. These ages are based on bulk values and consider the average thickness of the whole crust. However, these values do not consider variation in changes in accretion over time, and the occurrence of erosional or hiatus events. Figure 11 . Layer-by-layer growth rate and age compared with bulk average growth rate and age of (A) crust DR07-8 and (B) crust DR16-13. Both crusts show se veral sections with diffe re nt mean growth rate s ide ntifie d by black continuous line s.
In this way, to calculate high-resolution growth rates, two transects of 183 and 292 layer-by-layer EPMA analysis have been carried out along the growth axis of both crusts. Based on these transects, mean growth rates yield values of 1.02 and 0.82 mm/Ma for crust DR07-8 and DR16-13, respectively. The growth rates are different to those calculated based on bulk ch emistry due to a better resolution of the layer-by-layer technique. Based on these high-resolution growth rates, the ages of 30 Ma (early Oligocene) and 99 Ma (Cenomanian, early Upper Cretaceous) have been determined for DR07-8 and DR16-13 crusts, respectively ( Figure 11) .
Crust DR07-8 shows a similar age to that calculated based on bulk analysis, which indicates constant growth ( Figure 11A ). By contrast, crust DR16-13 shows an almost twice as old age, indicating that bulk analysis does not consider increasing or decreasing rates of growth evidenced by the layer-by-layer analysis ( Figure 11B) .
The high-resolution analyses show diverse episodes characterised by different accretion growth in both crusts (Figure 11) . Crust DR07-8 shows four different periods of growth rates: (a) a first Figure 11 . Layer-by-layer growth rate and age compared with bulk average growth rate and age of (A) crust DR07-8 and (B) crust DR16-13. Both crusts show several sections with different mean growth rates identified by black continuous lines.
In this way, to calculate high-resolution growth rates, two transects of 183 and 292 layer-by-layer EPMA analysis have been carried out along the growth axis of both crusts. Based on these transects, mean growth rates yield values of 1.02 and 0.82 mm/Ma for crust DR07-8 and DR16-13, respectively. The growth rates are different to those calculated based on bulk chemistry due to a better resolution of the layer-by-layer technique. Based on these high-resolution growth rates, the ages of 30 Ma (early Oligocene) and 99 Ma (Cenomanian, early Upper Cretaceous) have been determined for DR07-8 and DR16-13 crusts, respectively ( Figure 11) .
The high-resolution analyses show diverse episodes characterised by different accretion growth in both crusts (Figure 11) . Crust DR07-8 shows four different periods of growth rates: (a) a first period, from the substrate rock to ca. 28.7 Ma (early-late Oligocene) characterised by high growth rates (mean 1.7 mm/Ma with maximum of 20 mm/Ma); (b) a second period from 28.7 to 24.5 Ma (late Oligocene-earliest Miocene) with low growth rates of 0.6 mm/Ma; (c) a third period, from 24.5 to 14.5 Ma (early to middle Miocene) characterised by an increasing growth rate up to 0.87 mm/Ma; and (d) a fourth period, from 14.5 Ma (Middle Miocene to Present) to the top of the crust, displaying higher growth rates of 1.05 mm/Ma ( Figure 11A ). Crust DR16-13 also shows four periods of growth rates. Period 1 (99 to 92 Ma, Cenomanian-Turonian, early Upper Cretaceous) and 3 (84 to 58 Ma, late Upper Cretaceous to late Paleocene) exhibit similar high growth rates of 0.77 and 0.9 mm/Ma, respectively. Additionally, periods 2 (92 to 84 Ma, Turonian to Campanian, late Upper Cretaceous) and 4 (58 Ma to the top, Eocene to Present) show lower growth rates of 0.46 and 0.54 mm/Ma, respectively ( Figure 11B ).
Discussion
The ferromanganese crusts from The Paps and Tropic seamounts reveal a complex mineralogy and geochemistry due to their long history of mineral growth since 30 Ma (early Oligocene) and 99 Ma (Upper Cretaceous) ago, respectively. The petrographic, mineralogical and geochemical high-resolution analyses allow the differentiation of hydrogenetic and diagenetic processes involved in the growing history of the crusts. Moreover, enrichments in critical minerals seem to be controlled by different oceanographic and geological factors at different scales, i.e., global, regional and local. Therefore, in this section, we address three main issues derived from the high-resolution analyses of the crusts: (i) the type of processes contributing to the growth of the crusts; (ii) the main mineralogical changes, and (iii) the factors involved in the enrichments in critical elements.
Genesis of Fe-Mn Crusts Based on High-Resolution Analyses
Bulk mineralogical and geochemical studies carried out previously on the CISP crusts revealed that ferromanganese crusts were formed mainly by hydrogenetic processes [27] . The mineralogy of the crusts is composed essentially by Fe-vernadite (more than 90%) and goethite group minerals. This mineralogy reflects the predominance of the hydrogenetic process during their formation, similar to ferromanganese crusts from the Atlantic, Pacific and Indian oceans (e.g., [8, [69] [70] [71] ). In addition, bulk geochemistry also supports the hydrogenetic origin of the crusts. The Mn/Fe ratio (1.03 and 0.78) for both crusts falls within the average values for hydrogenetic crusts from the Atlantic Ocean (means of 0.8) but slightly lower than the ratio for Pacific crusts (mean of 1.4) [6, 15, 70] . Moreover, the bulk values plotted on the Mn-Fe-(Co + Ni + Cu) × 10 ternary diagram ( Figure 12A ,B) modified from [16, 72, 73] and REYs average values of 2400 µg/g are in the mean for hydrogenetic growth, and the plot of indexes obtained ( [11, 70] , Figure 12C ,D modified from [74] ) also falls within the hydrogenetic field.
However, high-resolution EPMA analyses allow the recognition of micro-laminations associated with different genetic processes. These high-resolution data plotted on the Mn-Fe-(Co + Ni + Cu) × 10 ternary diagram show a bigger dispersion of genetic processes than previously observed by bulk analyses ( Figure 12A ). In this way, the high-resolution analyses of microlayers of crust DR07-8 fall within the diagenetic or mixed hydrogenetic/diagenetic fields ( Figure 12A ). Furthermore, high-resolution analyses evidence mineralogical and geochemical differences between the two crusts related to their growth history. Petrographic and XRD analyses show that in crust DR07-8, the abundance of detrital and authigenic minerals is higher than in crust DR16-13 (Table 1 and Figure 5 ). The major detrital input in crust DR07-8 is also associated with higher alumina-silicates (Si + Al + K + Ca + Mg), reaching contents of 21.3 wt % in contrast to the values of 6.3 wt % found in crust DR16-13 ( Table 2 ). The occurrence of alumina-silicate detrital grains in crust DR07-8 is also evidenced by EPMA analysis and SEM microphotography ( Figure 6C ,E and Figure 10A,B,D) . Additionally, the growth of authigenic CFA related to pervasive phosphatization of crust DR07-8 is evidenced by their higher contents of P 2 O 5 (3.7 wt %) and CaO (8.2 wt %) (Figure 4) , and this is reflected in XRD experiments ( Figure 5A ) and petrographic observations. Phosphatization in this ferromanganese crust occurs by means of preferential replacement of carbonates and Fe-oxyhydroxide (e.g., [75] [76] [77] [78] [79] ). This process can strongly modify the crust mineralogy by increasing their Mn/Fe ratio [10, 79] , as observed in DR07-8 crust reaching Mn/Fe ratios up to 1.03. The presence of biological input in the CISP Fe-Mn crusts was already evidenced in previous studies in the Macaronesia region (e.g., [27, 80] ). High-resolution analyses also evidence abundant coccoliths and the dispersal of filament structures related to the microbial activity ( Figure 6E ), similar to those described in other Fe-Mn crusts and nodules [81] [82] [83] .
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High-resolution analyses of both crusts show that layers and sub-layers show a rhythmic behavior. In this way, we suggest that the alternation between dense lamination packages and more dendritic mottled growth patterns might be related to (i) changes in the regional oceanographic setting, such as the thickness of the OMZ, and/or (ii) the influence of different growth mechanisms other than purely hydrogenetic ( Figures 3, 4 and 10) . Thus, dendritic patterns are associated with high growth rates (up to 4 mm/Ma) affected by a narrower OMZ, whereas the dense parallel growth is related to low growth rates (down to 0.5 mm/Ma), bathed by a thick OMZ (e.g., [14, [84] [85] [86] ). EPMA analyses of DR07-8 crusts show a typical botryoidal morphology ( Figure 10A ), interpreted as a response to pulses of high growth rates. Otherwise, DR16-13 crusts show thick sub-parallel layers and sub-layers ( Figure 10E ), typical of low accretion rates due to chemical precipitation of Fe-Mn colloids from cold seawater by hydrogenesis (e.g., [6, 15, [84] [85] [86] ).
Crust DR07-8 shows bright intercalated microlayers formed by a 10 Å mineral ( Figures 5A and 10A ,B; Supplementary Materials Tables S1 and S2) enriched in Mn (up to 40 wt %), Ni (up to 2 wt %) and Cu (up to 1 wt %), but with low contents of Fe (2.5 wt %), Co (0.3 wt %) and Ce (0.04 wt %). Similar metallic contents have been reported in abyssal diagenetic nodules [6, 8, 10, [15] [16] [17] [18] . According to our thermic, CEE experiments and geochemical studies, this mineral would represent a diagenetic Mn mineral, probably an intergrowth between buserite and asbolane. Buserite might change its structure to todorokite if conditions are favorable (e.g., [10, 17, 61, [87] [88] [89] [90] [91] ). We suggest that the formation of these bright Fe-Mn interlayered laminations might be formed during periods of increasing input of sediments driven by undercurrents that temporally covered the crust, promoting oxic/sub-oxic diagenetic accretion. This hypothesis is supported by the presence of erosive discontinuities and detrital alumina-silicate grains overlying these diagenetic bright laminations and reflecting an increase in undercurrent strength ( Figure 10A-D) .
Additionally, crust DR16-13 exhibits only hydrogenetic minerals, showing contents of Mn (up to 18 wt %) and Fe (up to 25 wt %), coherent with the presence of Fe-vernadite intermixed with goethite. EPMA high-resolution analysis shows in this crust a certain linear trend of values towards the hydrothermal field ( Figure 12A ). We interpret this trend as an artifact due to areas strongly enriched in goethite within the laminations ( Figure 10F ,H and Supplementary Materials Tables S1 and S2). Furthermore, bright laminations evidencing diagenetic processes are not identified in this crust DR16-13. In this way, the contents of Fe and Mn are constant, ranging between 22 and 35 wt % and 14 and 30 wt %, respectively. These values fit with those average values reported for purely hydrogenetic crusts in the Atlantic Ocean (e.g., [5, 6, 11, 15, 70, 71, 92, 93] ).
Bulk geochemistry also reveals differences in contents of trace elements between the two crusts. High contents of Co, Ce and Mo elements are related to hydrogenesis. Co and Ce are elements that are concentrated in Fe-Mn crusts by direct oxidation of Co 4+ and Ce 3+ from seawater incorporated into freshly precipitated oxides [2, [4] [5] [6] 8, 12, 15, 24, 25, 94] . Crust DR16-13 shows higher contents of Co, Ce and Mo (5500, 2000 and 700 µg/g, respectively) than crust DR07-8 (3200, 900 and 270 µg/g, respectively). The highest contents of Co and Ce observed in crust DR16-13 (up to 1.5 and 0.32 wt %, respectively) are consistent with a low-growth rate period identified in the EPMA transect (mean GR = 0.8 mm/Ma). In contrast, crust DR07-8 shows the lowest contents of both elements related to periods of high-rate growth up to 2 mm/Ma. The concentration of Co, Ce and Mo related to hydrogenetic Fe-Mn oxides formation is also confirmed by the factor analysis. Thus, on both crusts, it is possible to determine that the source of these elements is strictly associated with the presence of Fe and Mn (Factor 2 DR07-8 and Factor 1 DR16-13, Table 3) .
Crust DR07-8 shows high contents of Ni and Cu (4800 and 1300 µg/g, respectively), similar to those reported in Pacific crusts. In contrast, crust DR16-13 shows lower contents of Ni and Cu (3200 and 700 µg/g, respectively), more similar to those reported in the Atlantic Ocean crusts (Table 2 ) (e.g., [6, 8, 11, 12, [15] [16] [17] 70, 71, 94] ). EPMA analysis evidences that the higher contents of Ni and Cu are associated with Mn-rich minerals (with Mn/Fe ratios up to 40) as diagenetic buserite/asbolane, which form thin bright interlayered laminations (Supplementary Materials Tables S1-S3 ). The source of Ni and Cu associated with Mn minerals is also recognizable in factor analysis of DR07-8 crusts [95, 96] (Factors 2 and 3 DR07-8 Table 3 ). It is worth noting that Ba is another interesting element. In this way, the contents of Ba are strictly related to the presence of Fe-vernadite, and are a consequence of hydrogenesis processes. However, a biogenic input during the crusts' growth is also derived from the factor analysis [6, 12, 79] (Table 3) . In this way, crust DR16-13 shows higher contents of Ba (2000 µg/g) than crust DR07-8 (1067 µg/g) and positive correlation both with the Mn and Fe hydrogenetic phases. Ba input to the oxides was supported by dissolution of algae and/or plankton and foraminifera in the water column during periods of high bioproductivity (e.g., [6, 15] ).
The abundance of REY elements is also associated with low-growth rate periods during the hydrogenetic formation of the crusts [4, 94, 97, 98] . This relationship has also been evidenced in the CISP crusts [27] . Crust DR16-13 shows higher REYs contents (3000 µg/g) than the sample DR07-8 (1400 µg/g). These higher contents are essentially due to higher LREE contents of DR16-13 (2742 µg/g) than in DR07-8 (1238 µg/g), and also to the MREE contents (132 versus 67 µg/g, respectively). However, the contents of HREEs (287 and 307 µg/g, respectively) show quite similar values in both crusts with a slight enrichment in crust DR07-8. Crust DR07-8 shows a meaningful enrichment in Yttrium (225 µg/g) due to the presence of layers enriched in CFA and pervasive phosphatization. Yttrium is interpreted as being sourced from the phosphate deposits located in the Western Sahara and incorporated into the crusts by Saharan dust input [6, 8, 9, 27, 99] . EPMA spot analysis shows that the Ce contents in hydrogenetic minerals (Fe-vernadite) of both crusts are almost constant (~0.2 wt %), but lower in the goethite-enriched layers (0.1 wt %), decreasing considerably in diagenetic Mn-rich minerals such as buserite, (down to 0.05 wt %).
Association of Metals with Different Mineral Phases
Sequential leaching experiments carried out on both crusts show how strategic and critical metals are associated with different minerals.
Major Elements Defining the Main Mineral Phases
Selective leaching of elements associated with the main four fractions, i.e., carbonate, Mn-oxides, Fe oxyhydroxides, and residual minerals evidence the behavior of the critical elements of the ferromanganese crusts.
Leaching of carbonates dissolves practically the totality of Ca, Na, Mg and S. These elements are essentially associated with the occurrence of calcite and dolomite. S can also be associated with carbonates as minor element. Most of Ca and Mg are contained in the bioclasts (coccoliths and foraminifera) and detrital grains sourced from the Saharan dust, as occurs in other crusts from the Macaronesia (e.g., [11, 27, 100] ). Additionally, the Ca contents of crust DR07-8 affected by phosphatization also form part of CFA.
Leaching of Mn-oxides concentrates up to 100% of the manganese, and part of the total Fe content (1.33 and 1.79 wt %, respectively) ( Table 2 ). The Fe incorporation identified in this step is consistent with the presence of Fe-vernadite [2, [5] [6] [7] [8] 15, 23, 69, 80, 101] . Beside the concentration of major elements, crust DR07-8 concentrates more Mg than DR16-13 (0.27 vs. 0.07 wt %, respectively). This difference is related to the occurrence of diagenetic Mn-minerals such as the busserite or birnessite forming bright laminae as observed in sample DR07-8 (e.g., Figure 10A ). Electron Probe analyses show that these laminations concentrate up to three times the contents of Mg than the other hydrogenetic laminae. This enrichment in Mg is provided by the large spacing of these minerals (10 Å), without cation exchange power ( Figure 5C ), allowing the entrance of more Mg 2+ ions within their structure with respect to δ-MnO 2 [87, 91, 101] .
Leaching of Fe oxyhydroxides concentrates essentially the Fe with minor amounts of Mn (0.34 and 0.48 wt %, respectively), probably forming part of Mn-bearing FeOOH (Mn-feroxyhyte) [6, 15, 102] . This fraction also concentrates significant amounts of Al (1.14 and 0.33 wt %), Ti (0.44 and 0.32 wt %), and P (0.4 and 0.2 wt %). The concentration of these elements is associated with the presence of iron detrital minerals or generated by an early phosphatization event in DR07-8 crust (e.g., [75] [76] [77] [78] [79] ). Detrital or volcaniclastic minerals represented by minor contents of titano-magnetite, pyroxene or amphibole, and authigenic CFA partially dissolved in this leaching step are commonly associated with the presence of Fe [6, 15, 69] .
Finally, leaching of residuals concentrates the rest of the aluminum silicate elements. In this fraction, quartz and feldspar are essentially dissolved. In crust DR07-8, the enrichment in detrital minerals is evident with respect to DR 16-13 for the highest contents of Al (0.83 vs. 0.28 wt %), K (0.23 vs. 0.10 wt %) and Na (0.13 vs. 0.01 wt %).
Manganese Oxides as Critical Minerals with High Contents of Co, Ni and Cu
The trace elements speciation in the four extracted steps shows significant differences between the crusts. In step 1, bounded by carbonates and sulphates, minor amounts of trace elements are concentrated. These trace elements consist of Ni (225 and 151 µg/g, respectively), Cu (73 and 23 µg/g), and Zn (59 and 44 µg/g) related to biological inputs such as foraminifera and coccoliths (Figures 6  and 10 ), reported in other areas ( [103, 104] and references therein) and bounded to carbonates and phosphates (e.g., [15, 44, 69, 100] ).
Regarding the contents in seawater, Co, Ni, Cu and other elements (i.e., Bi, Te, Pb) are strongly enriched, between 10 8 to 10 10 times, in the ferromanganese crusts and nodules [2, 6, 8, 10, 15] . These elements are strongly concentrated in the Mn-oxides and Fe-oxyhydroxides leached in steps 2 and 3. The leaching of these two main fractions helps to distinguish between genetic processes affecting the growth of the crust. The concentration of Co and Ni elements seems to be strictly related to manganese oxides as observed in Table 2 and reported in other works (e.g., [3, 6, 15, 44, 69, 76, 105] ). In this way, the Mn oxides fraction of the mixed hydrogenetic/diagenetic crust DR07-8 concentrates lower Co (3000 µg/g) but higher Ni (4200 µg/g) than the purely hydrogenetic crust DR16-13 (5200 and 2500 µg/g, respectively). The concentration of Cu also shows some differences between the crusts. The mixed hydrogenetic/diagenetic crust DR07-8 shows a concentration in Cu mainly linked to the Mn phase (L2 = 680 µg/g, L3 = 410 µg/g), whereas in the purely hydrogenetic crust DR16-13, the Cu contents are mostly concentrated in the Fe phase (L2 = 200 µg/g, L3 = 430 µg/g).
The differences in the Co, Ni and Cu contents between the two types of crusts seems to be related to the type of minerals associated with the genetic processes as discussed above. The mixed hydrogenetic/diagenetic crust DR07-8 presents two types of manganese oxides: (i) the hydrogenetic Fe-vernadite, as the main Mn oxide within the crust, and (ii) the diagenetic buserite/asbolane. The Fe-vernadite concentrates essentially Co and Ni [2, 6, 8, 15, [23] [24] [25] 44, 69] . Consequently, EPMA spot analyses of the Fe-vernadite show high concentrations of Co (7000 µg/g) and Ni (3000 µg/g), but lower contents of Cu, (500 µg/g) (Supplementary Materials Tables S1 and S2) . Additionally, buserite/asbolane concentrates very high contents of Ni (up to 2.3 wt %) and Cu (up to 1.5 wt %) but lower contents of Co (up to 4000 µg/g with mean contents of 2000 µg/g). Similar contents of Ni, Cu and Co have been found in diagenetic nodules of the Clarion Clipperton Zone (CCZ) (e.g., [6, 8, 10, 16, 18, 77, 87, 95, 96, 106] ). For this reason, the Mn oxide fraction of mixed hydrogenetic/diagenetic crust DR07-8 shows higher values in Ni and Cu in comparison with the purely hydrogenetic crust DR16-13 bearing common contents of Cu linked to Fe as reported in similar hydrogenetic crusts (e.g., [6, 12, 44, 107] ).
Leaching of Mn oxides also concentrates other critical and strategic elements with respect to Fe-oxyhydroxides. Therefore, elements such as V (400 and 600 µg/g), Zn (260 and 270 µg/g) and Ti (82 and 106 µg/g) are concentrated in the crusts DR07-8 and DR16-13, respectively. A minor part of these elements is also concentrated in the Fe-oxyhydroxides step (see the Fe-ox column for these elements in Table 2 ) as reported in previous works (e.g., [6, 8, 10, 12, 15, 44, 79, 108] ).
The leaching step 3 (Fe-oxyhydroxides) also shows differences in element concentrations between the two types of crusts. The most evident difference is shown in the Pb contents, an element related to Fe-oxyhydroxides by hydrogenetic formation of crusts (e.g., [2, 6, 8, 15, 24] ). Therefore, the Pb content of the purely hydrogenetic crust DR16-13 (1500 µg/g) is clearly higher than that of the mixed diagenetic/hydrogenetic crust DR07-8 (1000 µg/g). Additionally, the contents of As (400 and 280 µg/g, respectively) are higher in purely hydrogenetic crusts, being related to the biological activity and/or hydrogenetic precipitation of Fe hydroxides. Other elements such as Be, Sb, Nb, Se, Th and U are also enriched in the Fe-oxyhydroxides step. In seawater, these elements usually form big and generally poorly negatively charged anions that bind with the poorly positively charged Fe-oxyhydroxides [6, 8, 16, 69, 79, 107] .
Furthermore, Mo is another strategic metal appearing enriched in Fe-Mn crusts by almost two orders of magnitude with respect to the average composition of the continental crust (Figure 8) . Thus, Mo is almost entirely concentrated in the Fe-oxyhydroxides fraction in crusts DR07-8 and DR16-13 (240 and 570 µg/g, respectively), as also reported previously in other areas (e.g., [12, 44] ). This behavior is consistent with earlier studies that consider Mo as a negatively charged ion dissolved in seawater [2, 6, 15, 24] . Moreover, detailed synchrotron analysis showed that Mo is definitely bounded to the Mn octahedra and not to Fe [107, 109, 110] . Based on these results, we suggest that the presence of Mo in the iron phase is an artifact or can probably be caused by (i) an early re-precipitation, and (ii) an increase of insolubility of Mo during the hydroxylamine leaching of the Mn oxides, that later is dissolved with Fe in a more reactive hydrochloride acid leaching.
REYs Scavenging between Fe and Mn Phases as Record of Different Genetic Processes
The distribution of REE contents after leaching Mn-oxides and Fe-oxyhydroxides shows some meaningful differences (Table 2 ). In both crust types, Ce is the most abundant REE in the bulk sample, and it shows higher scavenging in the Mn-oxide phase (460 and 1250 µg/g, respectively, vs. 360 and 580 µg/g for the Fe-oxyhydroxides). The enrichment of Ce in Mn-oxides is explained by Ce (III) oxidation to Ce (IV) by biological reactions or surface-catalysis and typical of hydrogenesis (e.g., [6, 15, 97, 111, 112] and references therein).
Furthermore, the contents of La and Pr show similar behavior. La is also enriched in the Mn-oxide phase (83 and 215 µg/g for crusts DR07-8 and DR16-13, respectively) with respect to the Fe-oxyhydroxide phase (34 and 50 µg/g). In the mixed diagenetic/hydrogenetic crust DR07-8, the enrichment in REE during the Mn-oxide leaching affects only the La and Ce elements. In contrast, the purely hydrogenetic crust DR16-13 appears enriched in other REE elements such as Pr and Nd (37 and 140 µg/g, respectively) in the Mn-oxide phase with respect to the Fe-oxyhydroxide phase (23 and 100 µg/g, respectively).
MREEs and HREEs show distinct behaviors depending on the type of genetic model. The mixed diagenetic/hydrogenetic crust DR07-8 appears slightly enriched in HREEs during the Fe-oxyhydroxides leaching. This fact is explained by previous experiments showing that Gd and Yb at a normal seawater pH are slightly more enriched in Fe-oxyhydroxides than in Mn-oxides [111] . In this way, the evidence of the enrichment in HREEs related to Fe-oxyhydroxides is confirmed in the two types of crusts (Table 2) . Nevertheless, the high contents of phyllomanganates contained in the purely hydrogenetic crust DR16-13 partially mask this behavior. The enrichment in HREEs observed in the mixed diagenetic/hydrogenetic crust DR07-8 is clearly related to the Fe-hydroxides.
The scavenging of REYs between Mn-oxides and Fe-oxyhydroxides is still under discussion. Previous studies report that the difference in scavenging of REYs between the iron and manganese phases depends on several factors: (i) the oxidation state of the element; (ii) the solubility of the dissolved ions; (iii) the pH of local waters; and (iii) the charge of the oxides surface (e.g., [97, 111, 112] ). Based on the study of purely hydrogenetic Fe-Mn crusts from the Pacific Ocean, some authors support that the scavenging of REYs between Mn-oxides and Fe-oxyhydroxide is not clear [94, 107, 113] .
In order to compare the behavior of REY with respect to Mn-and Fe-oxyhydroxides in our crusts with those Fe-Mn crusts reported by [94] , we plot the contents of REYs for each of the four leaching fractions normalised to PAAS ( Figure 13A ) and data from these authors ( Figure 13B ). In Figure 13A , the four leaching steps (carbonates, Mn-oxides, Fe-oxyhydroxides and residuals) are plotted for both types of genetic crusts (mixed diagenetic/hydrogenetic DR07-8 crust as red lines, and purely hydrogenetic DR16-13 crust as blue lines). diagenetic/hydrogenetic crust DR07-08 that shows a behavior similar to [94] samples ( Figure 13 ). For the carbonates and residual fractions, the R EYs show very low contents in both crusts in agreement with data from [94] . Figure 13 . The four se que ntial leaching fractions corresponding to carbonates, Mn-oxides, Fe -oxyhydroxides and re siduals obtaine d in both crusts normalise d to PAAS [68] . Comparison ratio between (A) the le aching fraction of this study's crust and [94] (B).
The mixed diagen etic/hydrogenetic crust DR07-8 displays similar REY contents to one of the samples reported by [94] , averaging 1600 and 1519 μg/g, respectively. This mixed crust DR07-8 shows lower concentrations of REYs in the Mn-oxide phase. This is consistent with data from EPMA spot analysis. Thus, Mn-rich bright laminations identified in this crust with a clear diagenetic origin, and growth rates of up 6 mm/Ma yielded very low contents of Ce (0.05 wt %). We suggest that the influence of these diagenetic laminations on the overall geochemistry of the Mn-oxides fraction might explain the low REY contents in this phase.
On the other hand, the purely hydrogenetic crust DR16-13 shows a strong difference in the R EY patterns from those reported by [94] , and behavior and contents quite similar to those from the [111] experiment with major concentrations of LREEs and MREEs in the Mn-oxide phase. Therefore, enrichment of R EYs in the Mn-oxide phase is clearly evidenced for this pure hydrogenetic crust DR16-13. However, Yb and Lu appear enriched only in the Fe-oxyhydroxide phase ( Figure 13A ).
Composition Changes along the Growing History of the Crusts
EPMA layer-by-layer transects evidence the different behavior of the strategic elem ents since the onset of mineral growth. An interpretative cartoon model for crust growth is presented in Figure  14 . In both crusts, a clear decrease in the Mn/Fe ratios of at least 30 Ma is evidenced to the present time. This is also linked to the enrichment in Co, Ce and Ni contents, particularly between 22 and 29 Ma (Supplementary Materials Table S3 ). These enrichments in Mn, Co, Ce and Ni at about the same age range have already been observed in other ferromanganese crusts from the CISP [27] , associated with the spreading of the Oxygen Minimum Zone (OMZ) during this period. Thus, the increase of the OMZ thickness induces slower growth rates (0.6 and 0.46 mm/Ma for DR07-8 and DR16-13, respectively), promoting the enrichment of metals within the Mn-Fe oxyhydroxide structures [6] . In crust DR16-13, another event of enrichment in Mn, Co, Ce and Ni contents takes place from 84 to 92 Ma, also being associated with the extent of the OMZ (Supplem entary Materials Table S3 ). CISP crusts show a gradual enrichment of MREEs and HREEs in the Fe-oxyhydroxide phase with respect to the Mn-oxide phase. The behavior of Mn-oxide and Fe-oxyhydroxide phases in the CIPS shows some differences to those reported by [94] . These authors conducted a similar sequential leaching experiment with two Fe-Mn crusts from the Central Pacific. CISP crusts show the occurrence of a clear Ce positive anomaly both on the Mn-oxide and Fe-oxyhydroxide leaching steps. This anomaly is especially relevant for the Mn-oxide phase ( Figure 13A ). In contrast, data from [94] show this positive anomaly in Ce higher in the Fe-oxyhydroxide phase ( Figure 13B) . Furthermore, the negative anomaly in Y depicted for the Fe-oxyhydroxide phase by [94] is also shown in the CISP crusts. A similar negative anomaly is found in the Mn-oxide phase of the hydrogenetic crust DR16-13 but not for the corresponding phase in the mixed diagenetic/hydrogenetic crust DR07-08 that shows a behavior similar to [94] samples (Figure 13 ). For the carbonates and residual fractions, the REYs show very low contents in both crusts in agreement with data from [94] .
The mixed diagenetic/hydrogenetic crust DR07-8 displays similar REY contents to one of the samples reported by [94] , averaging 1600 and 1519 µg/g, respectively. This mixed crust DR07-8 shows lower concentrations of REYs in the Mn-oxide phase. This is consistent with data from EPMA spot analysis. Thus, Mn-rich bright laminations identified in this crust with a clear diagenetic origin, and growth rates of up 6 mm/Ma yielded very low contents of Ce (0.05 wt %). We suggest that the influence of these diagenetic laminations on the overall geochemistry of the Mn-oxides fraction might explain the low REY contents in this phase.
On the other hand, the purely hydrogenetic crust DR16-13 shows a strong difference in the REY patterns from those reported by [94] , and behavior and contents quite similar to those from the [111] experiment with major concentrations of LREEs and MREEs in the Mn-oxide phase. Therefore, enrichment of REYs in the Mn-oxide phase is clearly evidenced for this pure hydrogenetic crust DR16-13. However, Yb and Lu appear enriched only in the Fe-oxyhydroxide phase ( Figure 13A ).
EPMA layer-by-layer transects evidence the different behavior of the strategic elements since the onset of mineral growth. An interpretative cartoon model for crust growth is presented in Figure 14 . In both crusts, a clear decrease in the Mn/Fe ratios of at least 30 Ma is evidenced to the present time. This is also linked to the enrichment in Co, Ce and Ni contents, particularly between 22 and 29 Ma (Supplementary Materials Table S3 ). These enrichments in Mn, Co, Ce and Ni at about the same age range have already been observed in other ferromanganese crusts from the CISP [27] , associated with the spreading of the Oxygen Minimum Zone (OMZ) during this period. Thus, the increase of the OMZ thickness induces slower growth rates (0.6 and 0.46 mm/Ma for DR07-8 and DR16-13, respectively), promoting the enrichment of metals within the Mn-Fe oxyhydroxide structures [6] . In crust DR16-13, another event of enrichment in Mn, Co, Ce and Ni contents takes place from 84 to 92 Ma, also being associated with the extent of the OMZ (Supplementary Materials Table S3 ). Furthermore, we suggest that these slow growth rate events are responsible for the formation of the thin dense-subparallel lamination patterns identified within the sub-layers of both crusts ( Figure 3 ) in periods with very low input of bottom undercurrents and no upwelling phenomenon ( Figure 14A ). On the other hand, the rest of the growth period of both crusts shows enrichment in Fe and P but also in detrital and bioclast inputs. This is linked to dendritic to mottled areas that show a higher growth rate (average 2 mm/Ma with higher values up to 6 mm/Ma). The increase in the growth rate depends on a narrowed OMZ that promotes a higher precipitation of the Fe-Mn oxyhydroxides. Thus, a higher growth rate and related structure is also due to an increase of currents action and/or fertilization of the Atlantic Ocean in the CISP area ( Figure 14B ). Currents move nutrients from the deep ocean, promoting an intense bioproductivity that is also favored by the contribution of the Saharan dust [27] . This is supported by the presence of several foraminifera and coccolithos found in these layers ( Figure 10B,C,E,H) . In the same mottled to dendritic layers, an increase of the detrital input is also evident due to both the action of the currents and from Saharan wind inputs ( Figure 10B-D) . In addition, early diagenetic micro-layers, very enriched in Cu and Ni, have been observed in the mottled to dendritic layers.
Layer-by-layer analyses (Supplementary Materials Table S3 ) also evidence an increase trend in the contents of Fe and V during the last 30 Ma in both crusts, consistent with previous studies on Fe-Mn crusts (e.g., [6, 15, 69] ). The increase of Fe and P since the early Miocene, identified in both crusts, is associated with the formation of the Saharan desert and the increase of dust input in the Atlantic Ocean [27] . In crust DR16-13, three other periods with enrichments in Fe and V are identified at 30-65, 67-73, and 75-94 Ma. On the other hand, the abrupt increase in the Fe contents identified between 70 and 80 Ma within crust DR16-13 might be related to the massive Fe input into seawater, caused by the last submarine eruptions that occurred within the CISP region [39] .
Finally, the occurrence of pervasive phosphatization and Fe-Mn re-nucleation, especially recognizable in the middle part of crust DR07-8, rich in carbonate bioclasts, is linked to global phosphogenetic events that occurred in the Early Miocene between 24 and 17 Ma (e.g., [14, 27, 76] ).
deep ocean, promoting an intense bioproductivity that is also favored by the contribution of the Saharan dust [27] . This is supported by the presence of several foraminifera and coccolithos found in these layers ( Figure 10B,C,E,H) . In the same mottled to dendritic layers, an increase of the detrital input is also evident due to both the action of the currents and from Saharan wind inputs ( Figure  10B-D) . In addition, early diagenetic micro-layers, very enriched in Cu and Ni, have been observed in the mottled to dendritic layers. 
Conclusions
Two Fe-Mn crusts among 35 samples, from six seamounts in the CISP, were selected as representatives of the endpoint members of two distinct types of genetic processes, i.e., mixed diagenetic/hydrogenetic and purely hydrogenetic. In this way, high-resolution analyses (petrographic microscopy, XRD, SEM, HR-TEM, EPMA) together with thermic treatment, cation exchange, leaching experiments and chemical determinations have pursued the main aim of distinguishing the critical elements, and their association with mineral phases and genetic processes forming long-lived Fe-Mn crust. The main outcomes of this work can be summarised as follows:
(1) The Fe-Mn crust (DR16-13) collected on the eastern side of the Tropic Seamount has a mean thickness of 9 cm, showing no botryoids on its surface, mainly composed of dense laminations of Fe-vernadite (more than 90%) and goethite group minerals. This mineralogy reflects the predominance of the hydrogenetic process during their formation, similar to other ferromanganese crusts from the Atlantic, Pacific and Indian oceans [2, 4, 6, 15, 23, 44, 63, 92, 93] . Based on the high-resolution "cobalt chronometer" age calculation, this purely hydrogenetic crust yielded an age of 99 Ma (Upper Cretaceous). The onset of crust growth is consistent with the age of the volcanic formation of the Tropic Seamount dated at 119 Ma [39] . This means that this crust would be one of the oldest Fe-Mn crusts of the Atlantic Ocean. Therefore, Mn-oxides are enriched in Ni and Cu by diagenetic processes or in Co and Ce by hydrogenetic processes. On the other hand, Fe-oxyhydroxides concentrate V, Zn, As and Pb. The distribution of REYs depends on the type of genetic processes. Thus, mixed diagenetic/hydrogenetic crusts show enrichment in MREEs and HREEs in the Fe-oxyhydroxide phases, whereas the purely hydrogenetic crust shows a slight enrichment of all REY (and especially LREE) elements in the Mn-oxide phases. (4) Differences in the Co, Ni and Cu contents between the two types of crusts are related to the minerals associated with each genetic process. Fe-vernadite concentrates essentially Co, Ce and Ni, whereas the buserite, intergrown with asbolane, concentrates Ni and Cu, controlling the enrichment in strategic elements of the two-end member crusts. Therefore, the bright lamination of buserite/asbolane leads to enrichment in Mn, Ni and Cu, whereas hydrogenetic laminae of Fe-vernadite contribute to increasing the contents of Fe (up to 30 wt %), Co and Ce, reaching the highest enrichments in layers with very low growth rates. In this way, the mixed hydrogenetic/diagenetic crust (DR07-08) is enriched in Ni and Cu and the purely hydrogenetic crust (DR16-13) in Co and Ce. (5) The enrichment in REYs for the Mn-oxide phase is clearly evidenced by the purely hydrogenetic crust. Moreover, the enrichment in HREEs, related to Fe-hydroxides, is confirmed in the two types of crusts. An important positive anomaly of Ce is depicted higher in the Mn-oxide than the Fe-oxyhydroxide phases. A prominent negative anomaly in Y, depicted for the Fe-oxyhydroxide phases by [94] , is also shown in the CISP crusts, but not in the Mn-oxide phases, corresponding to the diagenetic/hydrogenetic crusts. (6) At least one episode of enrichment in critical metals (Co, Ni) has been derived for both crusts between 29 and 22 Ma that might be extrapolated to all the CISP. Other episodes of metal-rich mineralization have taken place on the Tropic Seamount crust between 99 and 84 Ma. We suggest that these enrichment episodes in critical metals might be related to expansion events of the OMZ in the Eastern Atlantic Ocean. (7) Enrichment in critical metals might be explained by several factors controlling the type of hydrogenetic or diagenetic growth of the crusts: (i) Expansion of the OMZ in the Atlantic Ocean caused by global oceanographic/climate changes, that will promote slow growth of hydrogenetic Fe-Mn oxide minerals enriched in Co, Tl and Ce; (ii) Local factors such as micro-topography and increases in undercurrent strengths bathing the seamounts, that will produce erosion and/or sediment deposition, and thus rapid growth of diagenetic Mn-oxide laminations enriched in Cu and Ni; (iii) Early phosphatization when the OMZ was intensified and expanded, promoting the formation of CFA enriched in Y and P, in propitious layers enriched in carbonate sediments within the crusts.
We can conclude that these high-resolution studies represent an important tool not only to enhance our knowledge of the different genetic processes, but also to identify the influence of local, regional or global changes in mass-water chemistry, element inputs and environmental factors affecting the crust growth. The high-resolution analyses of Fe-Mn crusts have evidenced that the type of genetic processes directly determined the mineralogy of crusts and, furthermore, the enrichment in critical elements such as Co, Ni, Cu and REYs.
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